Abstract. The existing data of antinucleon-nucleon and antinucleon-nuclei annihilation cross-sections are confined to energies above about 1 MeV. Experimental limitations have prevented till now the lower energies data to be achieved in spite of the interest they represent for theoretical models. One of the unresolved question concerns the antiproton annihilation cross-section measured at LEAR on light nuclei in the MeV region, which show a saturation with the mass number of the target nucleus against any naive expectation. With regard to fundamental cosmology, the knowledge of the annihilation cross-sections at energies below 1 MeV can contribute to understand the matter-antimatter asymmetry in the Universe. We present here the experimental demonstration of the feasibility of the measurement of antiproton-nuclei annihilation cross-sections in the 100 keV region.
Introduction
We here report the first observation of in-flight antiproton-nucleus annihilations at an extremely low energy of 130 keV. The experiment was performed recently by the ASACUSA Collaboration [1] at the CERN's Antiproton Decelerator (AD), in which we measured antiproton (p) annihilations on carbon, palladium and platinum targets. The experimental outcomes demonstrate that with the used technique the measurements of antiproton annihilation cross-section are feasible in the 100 keV region.
At CERN's AD we have so far measured thep-nucleus in-flight annihilation cross-sections for several targets, Mylar, Ni, Sn, and Pt, at 5.3 MeV [2] , and showed that the results are consistent with the predictions from the black-disk model with the Coulomb correction. In the MeV region there are also the data taken at LEAR but mostly with light targets [3] [4] [5] [6] [7] [8] [9] [10] [11] . These cross-sections deviate from the expected ZA 1/3 dependence [12] on the atomic charge Z and mass number A showing a saturation with A [13] [14] [15] , whereas at higher energies thep nucleus annihilation cross-section increases regularly with the number of nucleons in the nuclei: in the energy interval MeV the measurements performed at LEAR in the 1980's [16] show that the annihilation cross-sections are proportional to A 2/3 . This last behavior is followed also by the antineutron data in the measured range 2-40 MeV [17] .
On the contrary when thep energy is below few MeV thepd andp 4 He annihilation cross-sections values become even lower than thepp one. This is against any naive prediction of a scaling law with the number of nucleons in the target. This is confirmed also by the low-statistics data at about 2 MeV [10, 11] with Ne and 3 He targets. After the a e-mail: lodi@bs.infn.it subtraction of the Coulomb contribution, the neon result has the same size as that of p, while the 3 He result is twice as large as the others (including 4 He) at the same energy. When all of these cross-sections measurements together with the widths and the shifts of antiprotonic atoms [18] [19] [20] are considered inside several model analyses [13] [14] [15] [21] [22] [23] [24] [25] [26] [27] , a clear result emerges: thep-nucleus interaction is largely dominated by important saturation effects, both in the negative energy bound state domain and in the positive energy reaction sector.
In addition both potential models [15, 23, 27] and phenomenological analyses [28] [29] [30] state that theNN andNnucleus annihilation mechanisms occur in a thin region placed just outside the nuclear volume. As a consequence, the annihilation process has to be considered a valuable tool for probing the external region of the nucleus where for example the neutron/proton ratio or the extraction energy of the peripheral nucleons can be determined. Since more experimental inputs are needed to clarify the scenario, the possibility to go at lower energies, in the 100 keV region, where no experimental data is available, is of interest.
The knowledge of the annihilations cross-sections for antinucleons, especially on light nuclei, is important also for the cosmology. In order to explain why the observable universe appears to be made almost entirely of matter, several mechanisms have been invoked. One possibility is that antimatter is distributed non-homogeneously in the Universe within the so-called "islands" of antimatter [31] . In the border region between matter and antimatter, the role of annihilation is important. Under specific conditions a relevant amount of annihilations is expected to be occured at the nucleosynthesis time before the recombination time with energies between 1 eV and 1 MeV. Since the values of the annihilation cross-sections affect strongly the evolution of the involved processes, the measurements of the antinucleon annihilation cross-sections in the eV-MeV region are expected.
Experimental setup

Principle
In the present experiment we decelerated theps from 5.3 MeV to 130 keV by means of the radiofrequency quadrupole decelerator (RFQD) [32] and we used a beam line, a vessel with solid targets and detectors specifically designed for this experiment, as depicted in fig. 1 . Measuring the annihilation cross-sections at this low energy and with a pulsed beam is non-trivial, and requires the development of a non-conventional scheme. The key measurement principles are here enumerated:
1) The RFQD delivers a pulsed beam ofps. Only a fraction (about 20%) of the antiprotons from AD (3 × 10 7 every bunch repeated every ∼ 100 s) is decelerated to 130 keV, while a similar number reaches the exit of RFQD at 5.3 MeV. We installed a magnetic spectrometer "DOGLEG" to transport the deceleratedps and we built a shielding wall comprising 0.8 m thick iron and 2 m thick concrete between the DOGLEG and the target chamber in order to suppress background caused by strayp annihilations. 2) Thep beam decelerated by the RFQD has a large emittance of ∼ 100 π mm · mrad and its halo can be pernicious for the experiment. In order to ensure that thep beam is focussed on the target, and do not hit the target frame (8 cm diameter), we installed an aperture of 1 cm in diameter in the middle of the DOGLEG, and a variable-aperture iris (1 ÷ 13 cm in diameter) at the exit of the DOGLEG. 3) To focus theps on the target, placed 67 cm downstream of the target-vessel entrance (i.e., some 3 m downstream of the DOGLEG), we developed and installed an electrostatic quadrupole [33] between the DOGLEG and the target vessel (see fig. 1 ). The alignment and focussing of the beam was checked by a retractable beam profile monitor [34] based on the secondary electron emission, with an active area of 40 × 40 mm 2 and a spatial resolution of 4 mm (see fig. 2 ). 4) A very small fraction of theps annihilate on the target (whose number we want to count), while the rest travel to the end of the target vessel and annihilate. In order to unambiguously identify the annihilations on the target, we rely on the time separation. This can be achieved with a short pulse length and a relative long target vessel. The pulse length was reduced from the original 150-200 ns value to about 70 ns by using an electronic chopper inserted inside the DOGLEG. According to the detector time resolution (some ns), the vessel length of 170 cm was chosen. 5) Someps also undergo Rutherford scattering on the target with a probability proportional to Z 2 d, where Z is the atomic number of the target, and d is the target thickness. Rutherford-scatteredps reach the lateral wall of the vessel and annihilate. In order to have a clean separation of those annihilations from the signal events, the vessel diameter of 120 cm was chosen. 6) Theps Rutherford-scattered at 90
• can move within the target foil, slow down, stop (the range of 130 keVps is less than few μm in solids) and annihilate. Since it is impossible to tell such annihilations from the in-flight events based on the timing, it is important to use thin targets. Rutherford scattering and energy-loss simulations have shown that the probability of at-restp annihilations is less than that of the in-flight annihilations for all the targets we used.
Targets
The targets used in the present experiment are listed in table 1. The target frame size, 8 cm, was chosen to minimize thep annihilations on the frame from beam halos. This large size in turn sets a lower limit to the target thickness to be in the range of 70-100 nm. The Pd and Pt targets were prepared at Technische Universität München by sputtering the Pd/Pt on a carbon foil. The thicknesses of metals sputtered on the carbon foil were chosen such that the in-flight nuclear annihilation rates do not depend strongly on the element. This is indicated by the equivalent carbon thicknesses, calculated by assuming the Coulomb-modified "black-disk" model of ref. [15] ; in the case of Pt, for example, Pt and the carbon backing contribute equally to the in-flight annihilations.
The last column is the relative Rutherford scattering probability (normalized to the 70 nm C), showing that the Rutherford scattering events from Pd and Pt are an order of magnitude more frequent than from the C target. The vessel, evacuated to ∼ 10 −7 mb and connected directly to the RFQD (and hence to the AD ring) with no material window along the antiprotons path in order to avoid a possible source of background annihilations, was designed so that one of the four targets (empty, C, Pd and Pt), normally in the off-axis parking position, could be rotated into the beam without breaking the vacuum. The beam-profile monitor was attached to the head of an on-axis rod, and could be moved to the target position, or retracted to the end wall.
Detectors
Thep annihilations were detected with ∼ 600 fast scintillator bars provided by FNAL arranged in planar hodoscopes, placed on top, bottom, left and right of the target vessel (see fig. 1 ). Of these, ∼ 500 were readout by multi-anode PMTs [35] , and the remaining ∼ 100 were readout by MPPCs [36] . Both the PMTs and the MPPCs were readout with dedicated frontend boards hosting suitable ASICs and Altera FPGAs; the boards are handled by a VME electronics designed for the purpose. The analog signals of the multianode PMTs are processed by the ASICs with a sample and hold circuit while the full wave forms of the MPPCs are digitized and stored. In total, these detectors cover about ∼ 20% of the solid angle.
In the present paper, we show the results from one of the modules placed below the target vessel, to demonstrate that the in-flight annihilations on the target can be well identified simply by the timing cut. More detailed analyses including vertex analyses will be presented in a forthcoming extended report.
In addition, aČherenkov detector [37] , known to have good linearity, was placed below the target vessel and its wave form was recorded by a digital oscilloscope, in order to monitor thep beam intensity.
Results
In fig. 3 we present thep-annihilation time distributions measured with one of the fast scintillator modules (1×0.45 m 2 , 31 scintillator bars) placed below the target vessel during some hours of data taking per sample; from top to bottom, a) C target with the so-called "empty target" (only the target frame), b) Pd target and c) Pt target.
These spectra show the following components: 1) a nearly constant background due to the π-μ-e decays caused by the annihilations of strayps, 2)p annihilations on the target, 3) annihilations of Rutherford-scatteredps on the lateral wall of the target vessel, and 4) annihilations ofps which reached the end wall of the vessel.
As shown, the annihilations on the target are clearly visible in the interval Δt=1280-1400 ns, well separated in time from other components, while there are very few counts in the case of empty-target run (about 5-10% of the counts with the targets), indicating that thep beam is well centered and focused on the target and is not hitting the 8 cm diameter target frame. The π-μ-e background is almost completely suppressed by the shielding placed upstream of the target vessel as shown before the Δt interval. The Rutherford-scattering component on the lateral wall of the vessel, which is significant in the case of Pt and Pd targets while it is much less pronounced for the C target, does not appreciably contaminate the Δt region of the annihilation events on the target. The dominant end wall contribution appears later in time, and hence poses no problem to our measurement.
Conclusions
This is the first time thatp-nucleus in-flight annihilations were observed in the extremely low energy range of ∼ 100 keV. The described experimental method permits to perform measurements of the cross-section values for antiproton of 100 keV energy. In our forthcoming full report, we will use all the detector channels, determine the target thicknesses by the Rutherford-backscattering method, and report the absolute annihilation cross-sections.
Recently, the construction of a newp decelerator ring called ELENA was approved at CERN [38] . This ring will decelerate the 5.3 MeVps from the AD ring down to 100 keV with electron cooling, the design emittance being 5 π mm · mrad, so that thep beam can be focussed on a smaller spot of 1 cm in diameter. This will make it possible, among other things, to measurep annihilations on thinner ( 50 nm) targets. The method established by the present experiment paves the road toward such future measurements which can contribute to understand the antinucleon-nucleon and antinucleon-nucleus annihilation mechanism and to shed light on the unresolved problem of the saturation of the cross-section whith the mass number of the nucleus. The knowledge of the annihilation crosssections at very low energy is also important to correctly determine the properties of matter-antimatter interaction as requested by several models attempting to explain the matter/antimatter asymmetry in the Universe. In addition, the successful commissioning of the electrostatic quadrupole, one of the key devices for the ELENA user beamlines (which will use electrostatic bending and focussing elements), is an important step towards the ELENA beamline construction.
